Abstract. Serum BNP (brain naturiuretic peptide) and ANP (atrial natriuretic peptide) levels are reportedly elevated in patients with thyrotoxicosis. The increases may not be due to thyrotoxicosis itself but to secondary cardiovascular changes such as chronic heart failure (HF) or atrial fibrillation (AF) which frequently accompany thyrotoxicosis. We measured serum ANP and BNP levels in 130 patients with thyrotoxicosis and correlated them with HF severity and thyroid function. Thirty-seven normal subjects served as controls. Serum BNP levels in thyrotoxic patients were significantly higher than those in control subjects and significantly correlated with serum free T4, free T3 and ANP levels. In untreated Graves' disease serum BNP level was significantly elevated in patients with HF or AF. Multiple regression analysis revealed that HF, free T4, female gender and AF are independent contributing factors to the elevated BNP level, and that these four factors contributed about 40%. On the other hand, HF and AF were contributing variables for ANP level but the overall contribution of these factors was only 10%. After normalization of thyroid function, serum BNP levels were normalized in 70.5% of Graves' patients. BNP level in euthyroid state was dependent on the presence of HF and the BNP value before therapy, but not on thyroid hormone levels or AF. These data suggest that the cardiovascular condition is the major factor responsible for the elevated serum BNP and ANP levels in thyrotoxic patients, while thyrotoxicosis itself is an independent but minor contributing factor. Thus, the determination of serum BNP levels in thyrotoxic patients is useful for monitoring cardiovascular conditions of HF.
HUMAN cardiomyocytes produce and secrete a family of related peptide hormones such as ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide or B-type natriuretic hormone) which have potent diuretic, natriuretic and vascular relaxing effects [1] [2] [3] . They also have several physiological actions, the most important being: a) to decrease blood pressure; b) to increase natriuresis and diuresis; c) to inhibit the release or action of several hormones including those of the renin-angiotensin-aldosterone system, endothelin and vasopressin. The production and secretion of both ANP and BNP are regulated by a number of factors. Importantly, serum concentrations of both peptides increase in patients with cardiac failure. ANP is released into circulation in response to increased atrial distension or stretching [4, 5] . Furthermore, it has been shown that the production of ANP is increased by hormonal factors including thyroid hormone. Actually, hyper-or hypothyroidism is associated with altered serum ANP levels [6] [7] [8] [9] [10] [11] .
Another cardiac natriuretic peptide, BNP, is produced mainly from the ventricle in response to volume expansion, pressure overload, and elevated endodiastolic pressure [12, 13] . Serum concentrations of BNP are elevated in patients with chronic heart failure in association with the degree of severity [14] , and serum BNP level is a useful marker of cardiac function [14, 15] . Furthermore, BNP production, is modified by many factors including angiotensin II, endothelin I, [16] , hypoxia [17] and cytokines [18] . In addition, thyroid hormone stimulates both the synthesis and release of BNP [19] [20] [21] [22] . Thus, serum BNP levels are elevated in hyperthyroid patients [22] , and the circulating levels are positively correlated with serum T4 levels in rats treated with T4 [20] . Furthermore, there was a positive correlation between serum levels of N-terminal-pro-B-type natriuretic peptide (N-terminal 76 amino acids fragment of pro-BNP) levels and serum free T4 estimates in patients including both hypoand hyperthyroidism [21] . However, the hemodynamic changes such as heart failure in thyrotoxicosis may also affect circulating BNP levels. Therefore, we measured serum BNP and ANP levels in a large number of patients with thyrotoxicosis, and correlated them with serum thyroid hormone levels, the renin-aldosterone axis, and with the degree of severity of heart failure.
Subjects and Methods

Study Subjects
One hundred thirty patients with untreated thyrotoxicosis seen at Tokyo Womens' Medical University Hospital and at the affiliated hospitals were studied. The patients include 117 Graves' disease (female 92 females, and 25 males), 7 painless thyroiditis (4 females and 3 males), and 6 subacute thyroiditis (6 females). Patients with painless thyroiditis and those with subacute thyroiditis were examined in the thyrotoxic phase. None of these patients had renal failure and other metabolic or the other endocrine disorders.
Gender, age, blood pressure and pulse rate of the patients are shown in Table 1 . Heart failure severity was clinically evaluated according to the New York Heart Association (NYHA) classification. Thirty-seven age-matched normal subjects served for controls. They were arbitrarily assigned as NYHA class 0 for statistical analysis.
Hormone determinations
Circulating BNP and ANP levels were determined with two-site immunoradiometric assay (IRMA) kits (Shionogi, Osaka). Serum levels of thyroid hormone levels (free T3, and free T4), TSH, and aldosterone, were measured by RIA. TSH-receptor antibody (TRAb) was measured using a commercial TRAB kit (Yamasashoyu Co. Ltd., Chiba).
Statistical analysis
Clinical characteristics such as age, pulse rate and blood pressure are expressed as means ± SD. Serum thyroid hormones, BNP, ANP, plasma rennin activity (PRA) and aldosterone levels are expressed as median and intraquartile range (IQR). They were subjected to Cox-Box transformation in order to improve the fit for normal distribution before statistical analyses. Difference of gender ratio between groups was assessed by Fisher's exact test. Comparisons of hormone levels to control subjects were conducted by Dunnett's multiple comparison test. Differences between the two groups were carried out by Student's unpaired t test or ANOVA with post hoc analysis. The factors independently associated with serum BNP were assessed by multiple regression analysis with stepwise methods. All analyses were performed using a computer program (JMP version 5.01, SAS Institute, Tokyo, Japan). P value less than 0.05 was considered to be significant.
Results
Clinical characteristics of the subjects
As shown in Table 1 the male to female ratio of untreated patients with Graves' disease was not different from that of control subjects. Pulse rate in patients with untreated Graves' disease and painless thyroiditis were significantly higher than that in control subjects. As shown in the Table, serum free T4 and free T3 levels in thyrotoxic patients were significantly (P<0.05) higher than those of control subjects. TRAb was positive in all of the patients with Graves' disease.
Serum BNP, ANP, PRA and PAC in thyrotoxic patients
As shown in Fig. 1 , BNP levels in patients with untreated Graves' disease, painless thyroiditis and subacute thyroiditis were significantly higher compared with those in control subjects (P<0.05). The ANP level in untreated patients with Graves' disease was also slightly but significantly elevated compared to that in control patients (Table 2) . Although not shown in the table, serum ANP level in patients with painless thyroiditis (N = 6) was 9.6 (5.0-35.0) was not different from that in control. The ANP levels in patients with subacute thyroiditis were not determined. Plasma aldosterone concentration (PAC) in untreated Graves' disease was significantly higher than that in controls, but there was no difference in plasma renin activity. PRA and PAC in subacute thyroiditis and painless thyroiditis were not determined. 
Effects of thyrotoxicosis on serum BNP levels
We next compared serum BNP levels in thyrotoxic state to those in euthyroid state after antithyroid therapy in patients with Graves' disease. Serum samples were obtained before and after 5.7 ± 2.3 (mean ± SD) months after the initiation of therapy with methimazole or propylthiouracil. Out of 117, 95 patients had become euthyroid judged by normal fT3, free fT4 and TSH levels (TSH>0.3 mU/ml). As shown in Fig. 2 , serum BNP concentration decreased significantly after therapy and in 70.5% (67 out of 95) patients the levels were within normal range (less than 20 pg/ml).
Association of BNP and ANP levels with thyroid hormone levels, plasma renin activity (PRA) and plasma aldosterone concentration (PAC) is shown in Table 3 . Serum BNP levels correlated significantly with serum free T4, free T3 and ANP, but not with PRA and PAC in all subjects. As judged by adjusted R square, free T4 and free T3 may contribute serum BNP levels up to more than 30% in all subjects. Serum ANP correlated with free T3 and serum BNP levels significantly. However, the correlations of ANP with these variables were very weak and the contribution of these factors to ANP levels was about 2% as judged by the adjusted R square shown in Table 3 panel A. Serum BNP levels decreased significantly in euthyroid patient after initiation of antithyroid therapy (P = 0.0001). The BNP levels decreased to normal range (lower than 20 pg/ml) in 67 out of 95 patients.
As shown in panel B of Table 3 , analyses of BNP and ANP levels in patients with untreated Graves' showed a weaker correlation to thyroid hormone levels. The contribution of free T4 to serum BNP levels was 17% as judged by R square. In these patients, ANP levels correlated with BNP but not thyroid hormone levels. These data suggested that factors other than serum thyroid hormones may contribute to BNP and ANP levels in untreated patients with Graves' disease.
Effects of heart failure on serum BNP and ANP levels It is well established that circulating BNP and ANP levels positively correlated with the severity of heart failure. The majority of untreated Graves' patients were judged as class I or II of functional state (NYHA) and only 7 patients were classified as class III. There was no patient with class IV. As shown in Fig. 3 , BNP concentrations were significantly increased in patients classified as NYHA class III (P<0.05), which is similar to the results reported for the patients with cardiovascular diseases [14] . In contrast to BNP, there was no significant difference from controls in ANP concentrations in patients classified as NYHA Class III (data not shown).
Effects of atrial fibrillation on serum BNP and ANP levels
We then studied the effect of atrial fibrillation (AF) on BNP and ANP levels. As shown in Table 4 , serum BNP and ANP levels were significantly higher in untreated Graves' patients with atrial fibrillation compared with patients without fibrillation, although both serum free T4 and free T3 levels were comparable. These results suggest that atrial fibrillation may be one of the independent factors responsible for the increased serum BNP and ANP levels in thyrotoxic patients.
Effects of female gender on serum BNP and ANP levels
As shown in Table 5 , serum BNP levels were significantly higher in female patients. However, serum ANP, free T4 and free T3 levels showed no significant difference between the two genders. The results suggest that gender is also a contributing factor for the increased serum BNP level.
Multiple regression analyses of serum BNP and ANP levels in Graves' disease
The above data suggested that thyroid hormones, heart failure, atrial fibrillation and female gender contribute to serum BNP and ANP levels. In order to determine the potency of these factors in determining BNP levels, we analyzed these data using multiple regression analysis.
As shown in Table 6 , congestive heart failure (NYHA III) is the most potent contributing factor as judged by stepwise analysis. Serum FT4 levels also contributes to serum BNP levels in an independent manner. Female gender and atrial fibrillation also contributed significantly to serum BNP levels. As can All data were subjected to Cox-Box transformation in order to fit for normal distribution as described in Materials and Methods. Linea regressions of BNP and ANP with the biological variables were calculated for all subjects (A) and for patients with Graves' disease (B). Adjusted R 2 and the number of observations (N) are shown in first column. P values for linear regressions are also shown in the next column. BNP levels in all subjects significantly correlated with serum free T4, free T3 and ANP levels, while ANP showed weak correlations with serum free T3 levels. BNP levels in patients with untreated Graves' disease correlated with serum free T4, free T3 and ANP levels but ANP had no significant correlation with free T4 and free T3. be seen in adjusted R square (coefficient of determination), overall contribution of these four factors was estimated as 42%. We also analyzed the contributing factors for serum ANP in untreated Graves' patients. The results are shown in Table 6 panel B. Atrial fibrillation and grade II or III heart failure contributed ANP levels but their contributions was only about 10% in sum.
The same regression analysis was also employed for serum BNP levels in euthyroid Graves' patients because serum BNP levels were still above normal range in some patients. Table 7 shows that serum BNP levels before therapy is the most potent contributing factor. Heart failure (NYHA III) was the second contributing factor, and gender also contributed to BNP level after therapy. However, neither FT4 levels nor presence of atrial fibrillation before therapy contributed to BNP levels after therapy. Thus, cardiovascular conditions before anti-thyroid drug therapy may have some influence on serum BNP levels in a part of Graves' patients.
Discussion
It is well established that thyroid hormone has a profound effect on cardiovascular hemodynamics. Thyrotoxicosis is associated with decreases in systemic vascular resistance, increases in heart rate, left ventricular ejection, cardiac contractility and circulating blood volume. High plasma renin activity and low or normal aldosterone levels have been reported [9, 23] , which was not confirmed, however, in the present study.
Heart failure occurs mostly in elderly or in patients having underlying heart disease or atrial fibrillation. However, heart failure can develop in some patients with no known heart disease and in the absence of atrial fibrillation. Confirming the earlier reports, the present study showed significant higher serum ANP levels in untreated Graves' disease. Especially, the values in Graves' patients with atrial fibrillation were significantly higher than those in patients without atrial fibrillation, which is similar to the report by Czekalski et al. [10] . They suggested that the ANP level in thyrotoxic patients is likely to be affected more by circulatory dynamics, such as auricular fibrillation than by thyroid hormone levels. Supporting the report, the present study also demonstrated that serum ANP levels in untreated Graves' disease had no significant correlation with serum thyroid hormone levels, and multiple regression analyses demonstrated the contributions of the presence of atrial fibrillation and heart failure (NYHA II and III). Thus, the direct effect of thyroid hormone on serum ANP level may be minor, if any.
There are only a few reports for BNP levels in patients with thyrotoxicosis [26] [27] [28] . In patients with hyperthyroidism the circulating BNP levels increased, and the values were positively correlated with serum thyroxine levels [20] . Schultz et al. have recently reported higher concentrations of N-terminal pro BNP in patients with hyperthyroidism than in those with hypothyroidism [21] . They also showed a positive associa- The coefficient of determination (R 2 ) was 0.1310 and the adjusted R 2 was 0.1093. Therefore presence of heart failure serum BNP levels were determined by these variables to 11% in the model. tion between serum fT3 or fT4 level and N-terminal pro BNP levels. The values were not correlated with cardiac output measured by impedance cardiography. However, in another report [22] , higher BNP levels in hyperthyroidism were associated with ventricular dysfunction. In our present study using a larger number of patients, we showed a significantly higher than normal BNP levels in patients with untreated Graves' disease, and the values returned to normal range after normalization of thyroid functions in most of the patients. These observations support the notion that the increase in BNP levels in thyrotoxicosis may be due to the direct effect of thyroid hormone on heart, since rat heart responds to thyroid hormone with increased expression of BNP mRNA [19] . Alternatively, production of BNP may be stimulated by hemodynamic changes (HF or AF) induced by thyrotoxicosis. In the present study, we showed by multiple regression analysis that the presence of heart failure (NYHA class III) is the major contributing factor for the elevation of serum BNP levels, and that thyroid hormone levels (free T4) was the next contributing factor. There was a slight, but significant increase of serum BNP levels in patients with destructive thyroiditis. This may be due to at least in part to thyrotoxicosis itself because none of them showed any apparent CH or AF. It is also possible that cytokines produced in destructive thyroiditis affect the production of BNP. Interleukin-6 (IL-6) reportedly stimulates gene expression of BNP and ANP [24] .
Of interest, we have demonstrated that female gender is also an independent contributing factor for the elevation of BNP, but we could not demonstrate a gender difference for serum ANP levels. The effect of gender on serum BNP may be accounted for by the effects of estrogen or estrogen-induced substances involved in the production of BNP or degradation of BNP. Further study is required to clarify this point.
In summary, we showed that 1) serum concentration of BNP is elevated in patients with thyrotoxicosis; 2) The coefficient of determination (R 2 ) was 0.2747 and the adjusted R 2 was 0.2421. Therefore serum BNP levels in euthyroid patients after initiation of antithyroid therapy were determined about 27% by these variables before therapy.
both serum thyroid hormones and cardiovascular dysfunction contribute to the increase of serum BNP levels, but the major contributor is the latter; 3) female gender and atrial fibrillation are also independent contributing factor for the increase of BNP; and 4) increase of circulating ANP levels in hyperthyroidism is largely due to changes in circulatory dynamics.
